Abstract: A high-valent Fe202 diamond core structure is proposed as the key oxidizing species in the oxygen activation chemistry of nonheme diiron enzymes such as methane monooxygenase, ribonucleotide reductase, and fatty acid desaturases. Synthetic precedents serve as the basis for this hypothesis, which is consistent with recent EXAFS results on the high-valent intermediate of methane monooxygenase. The structural and reactivity features of this core are compared with those of the heme ferryl, the key oxidizing species in heme enzymes.
Fig. 1. Nonheme diiron(I1) active sites of MMOH, RNR R2, and A9D
as determined by x-ray crystallography (from refs 2-4).
carboxylate groups and terminally ligated by two His and two carboxylate residues. Furthermore, each bridging carboxylate is separated from a terminal His ligand by two residues. Indeed this DIE-X-X-H sequence is becoming the motif that characterizes this class of nonheme diiron enzymes. Such sequence motifs have been found for a number of arene hydroxylases which are likely to belong to this class as well (5). It would thus appear that this common nonheme diiron active site can carry out a range of oxidative transformations that may rival in versatility those that occur at heme active sites.
The paradigm for oxygen activation by a metalloenzyme active site is the mechanism generally accepted for heme enzymes such as cytochrome P450 and heme peroxidases ( Fig. 2 ) (6). The activation of 0 2 by the heme center is believed to result in the formation of a formally FeV=O species that is responsible for carrying out the hydroxylation of alkanes and the epoxidation of olefins. Though such a species has not been observed per se in the cytochrome P450 cycle, the analogous species has been characterized for heme peroxidases. This FeV=O species, called Compound I, is in fact better described as an oxoiron(1V) complex with a one-electron oxidized porphyrin ligand, so the two oxidizing equivalents implied by the FeV formalism are shared by the metal center and the porphyrin. In the peroxidase cycle, Compound I is reduced by one electron to Compound 11, described as an oxoiron(1V) porphyrin complex, and then by a second electron to re-generate the starting iron(II1) state. Thus, among heme enzymes, peroxidases carry out one-electron oxidations of substrates, while cytochromes P450 catalyze two-electron oxidations.
nonheme diiron enzymes Perhaps the most important question that arises in adapting this paradigm to the nonheme diiron enzymes is what replaces the porphyrin ligand in the high valent chemistry. We have proposed that the second iron in the active site may serve the role of the porphyrin as the repository of the second oxidizing equivalent (Fig. 2) The scheme in Fig. 2 proposes an Fe2(pL-0)2 diamond core structure for the high-valent intermediates in the mechanisms of nonheme diiron enzymes. This idea is based on synthetic precedent. We have thus far found the only class of synthetic high-valent complexes of relevance to the chemistry of nonheme diiron enzymes, and these complexes have been found to possess Fe2(p-0)2 diamond core structures,
bis(2-pyridylmethy1)amine)) result from the reaction of H202 and [Fe1I12(p-O)(L)2(p-H3O2)]3+ and are stable enough to be characterized only at low temperature (-40 "C) (11, 12) . No crystal structure is available, so the structures of these complexes have been established by spectroscopic methods. (Fig. 4A) , the only example of a crystallographically characterized complex with an Fez@-0)2 diamond core (1 5).
The Fe2(p-0)2 diamond cores of 2 and 4 are compared in Fig. 5 . X-ray crystallography shows the core of 4 to be centrosymmetric (1 5), but the 0x0 bridges are asymmetrically disposed between the iron ions.
The two Fe-p-0 bonds of each Fe-p-0-Fe fragment are 1.84 and 1.92 A, with the shorter bond trans to the more weakly bonded amine nitrogen. A similar structure has been deduced for the diamond core of 2
(1 1). Complex 2 exhibits only one type of iron site (6 = 0.14 m d s ) in both its low and high temperature
Mossbauer spectra, indicating that the two iron ions are identical despite the fact that the core has a formal FeIIIFeIV oxidation state (1 1). To date the best electronic description for this complex consistent with the available spectroscopic and magnetic data involves a valence delocalized FeIIIFeIV center with both ions having low spin configurations. The short Fe-0 bond of 1.77 8, in the EXAFS analysis is assigned to the 0x0 bridge trans to the amine nitrogen, while the longer Fe-O,,, bond is included in the 1.94 A shell. This significant asymmetry of the 0x0 bridge appears characteristic of the Fe2(p-0)2 core and is not observed in the cores of related Mn2(p-0)2 (13) and Cu2(p-0)2 complexes (14,16). The FeFe separations of 2.9 and 2.7 8, for 2 and 4, respectively, are comparable to those observed for Mn2(p-0)2 and Cu2(p-0)2 (2.6-2.8 A) complexes. But it is puzzling why the Fe-Fe distance for the highervalent 2 should be longer than that found in 4. The distinctive EXAFS features of the Fe2(p-O)2 diamond core have prompted us to investigate whether such features may also be associated with the high-valent intermediate Q of MMOH. Since MMOH-Q cannot be generated in quantitative yield and EXAFS analysis provides an average of all the metal environments present in the sample, it was necessary to use Mossbauer spectroscopy to determine the relative populations of the various iron species present in the samples. Thus tandem rapid-freezequench Mossbauer/EXAFS experiments were carried out on MMOH-Q (1 7). The R'-space EXAFS spectrum of a sample containing 61% MMOH-Q (Fig. 4C) shows three features at 1.2, 1.7, and 2.2 A, corresponding to a coordination environment about each iron of 0.6 0 atom at 1.77 A, 4 O/N atoms at 2.04 A, and 0.6 Fe atom at 2.5 A, respectively. The other components of the sample are MMOH,,d and MMOH,,, both of which contribute only to the 2.04 A peak. The 1.77 8, Fe-0 bond and the 2.5 8, FeFe distance are thus features unique to MMOH-Q.
The intense 2.5 8, peak in the EXAFS spectrum of MMOH-Q is reminiscent of those observed for 2 and 4 (Fig. 4) . While the presence of this feature does not necessarily prove that the high-valent intermediate must have an Fe2(p-0)2 diamond core, it does require an iron scatterer 2.5 8, from the other iron with at least two single atom bridges to account for the intensity of the scattering. To date the only precedent in iron chemistry for such a short distance is the mixed valence diiron(I1,III) complex [Fe2(p-OH)3(Me3TACN)2]2+ which has three hydroxo bridges that enforce an Fe-Fe distance of 2.5 8, (18).
Since 2 and 4 have Fe-Fe distances longer than 2.5 A, a third bridge must be added to the Fe2(p-0)2 core to decrease the Fe-Fe distance to the appropriate value. A logical candidate is a carboxylate bridge, which is present in all of the crystallographically determined active sites of MMOH (Glu144) (2) and RNR R2 (Glull5) (3, 19) . In support of this proposed structure, the typical Mn-Mn distance of 2.7 A in complexes with Mn2(p-0)2 cores is shortened to ca. 2.6 8, upon addition of a bidentate carboxylate bridge (20).
The EXAFS analysis of MMOH-Q finds only one short Fe-0 bond per Fe at 1.77 A (17). This observation is consistent with the presence of a symmetric Fe-0-Fe unit that is supported by two other bridges as shown in Fig. 6A . It can also be interpreted to indicate the presence of an Fey&-0)2 unit with a core asymmetry like that found for 2 and 4 as shown in Fig. 6B . We have favored the latter structure for MMOH-Q, because the Fe2(pL-0)2 diamond core is the only structure thus far demonstrated to support the FeIV oxidation state in a nonheme ligand environment (7b, 1 1,12) . A similar conclusion was reached completely independently by Siegbahn and Crabtree (2 l), who carried out density functional theory calculations on the various components of the MMOH catalytic cycle. Indeed the core dimensions predicted by the calculations for MMOH-Q closely matched the experimentally obtained values.
R R (R = H or acyl)
R Fig. 6 . Possible core structures consistent with the EXAFS analysis for MMOH-Q.
The Fe2(p-0)2 core proposed for MMOH-Q at first glance differs significantly from the mononuclear high-valent iron-oxo unit associated with heme peroxidase Compounds I and I1 (6). Though heme and nonheme intermediates possess characteristic short Fe-0 bonds, those of the heme intermediates are at least 0.1 A shorter (22). We propose however the core asymmetry observed for the Fe2(p-0)2 diamond core could be construed as the result of the head-to-tail dimerization of two Fe=O monomers (Fig. 6B) This reaction thus models the oxidation of Tyr122 by RNR-R2 X in the assembly of the diiron(II1)-tyrosyl radical cofactor found in active RNR R2 (9). Complex 1 also oxidizes cumene, resulting in the hydroxylation of the tertiary C-H bond or the desaturation of the isopropyl group (Fig. 7) (21). These transformations are analogous to reactions catalyzed by MMO and fatty acid desaturases. Since 1 is only a one-electron oxidant, two equivalents are required per product molecule formed, and substrate oxidation must occur in two steps. We have found that the first and rate determining step is the formation of an intermediate benzylic radical; this is indicated by results from 0 2 trapping experiments and confirmed by the observation of a kinetic isotope effect of 20 in the reaction of 1 with ethylbenzene or ethylbenzene-dlo at -40 "C. The second step involves the reaction of the intermediate benzylic radical with another molecule of 1 forming either the alcohol or the olefin. The factors that determine the alcohol/olefin product ratio are under investigation.
Somewhat disappointingly, benzylic C-H bonds are the strongest C-H bonds that are attacked by 1. However this should not be too surprising, since 1 is formally in the iron(III)iron(IV) oxidation state or analogous to Compound I1 of heme enzymes. When considered in this light, the reactivity of 1 toward hydrocarbon substrates appears to be flanked by those of oxoiron(1V) porphyrin radical complexes and their one-electron reduced counterparts. Oxoiron(1V) porphyrin radical complexes analogous to Compound I are two-electron oxidants which are capable of hydroxylating alkanes including cyclohexane (24). In contrast, oxoiron(1V) porphyrin complexes are one-electron oxidants and capable only of abstracting hydrogen atoms from allylic C-H bonds (25). Thus a species in the diiron(1V) oxidation state would presumably have the higher potential to enable it to abstract a hydrogen atom from stronger C-H bonds. Furthermore 1 can carry out the desaturation of alkanes, a reaction that has not been reported for a synthetic iron porphyrin complex. Perhaps this is a reactivity that is unique to the Fe2(p-0)2 diamond core.
In summary, synthetic precedents for the Fe2(p-0)2 diamond core are now available. Though having a somewhat limited oxidizing power, an Fe2(p-0)2 complex has been found to display a versatile oxidative reactivity that encompasses the range of reactions catalyzed by the nonheme diiron enzymes. This versatility supports the notion illustrated in Fig. 2 that a high valent species with an Fe~(p-O)2 diamond core (or some variation thereof) may be the common feature of the oxidative mechanisms of this family of enzymes, a notion supported by recent EXAFS studies of intermediate Q of MMOH (17).
